form, responsible for the bilateral vision loss in 4.5 million people in 2010. In 2020, this number may rise to 5.9 million (1) .
Glaucoma is defined as optic nerve damage caused by high intraocular pressure (IOP). It is classified as a neurodegenerative eye disorder leading to irreversible vision loss. Although the molecular basis of POAG remains not fully understood, despite numerous studies, oxidative stress, elevated IOP (more than 21mmHg), age (over 40), sex, race, diabetes mellitus type 2 and genetic predisposition are believed to be the most important POAG risk factors. In the 1980s, Alvaradro et al. postulated a relationship between the loss of trabecular meshwork (TM) cells and long-term impact of oxidative stress in patients with glaucoma (2) . This has since been confirmed in some studies: For instance, Izotti et al. report that elevated levels of oxidative DNA damage correlate with increased IOP (3) . Furthermore, the in vitro and in vivo studies have indicated that hydrogen peroxide treatment leads to a decrease in the adhesion of human TM cells and alters their cellular integrity. It has also been indicated that irrigation of TM cells with hydrogen peroxide may lead to changes in the drainage of the aqueous humor from the anterior chamber of the eye in calves (4) .
Reactive oxygen species (ROS) generated under the oxidative stress conditions may induce DNA damage, with the most common form of damage being oxidative DNA lesions. Left unrepaired, these can lead to genetic instability, mutations and increasing levels of chromosomal aberrations. Therefore, several DNA repair mechanisms have developed that guard genome integrity and reduce the risk of such mutations, and these are needed to prevent carcinogenesis and neurodegeneration by removing remove DNA lesions (5) . The main mechanism responsible for removing oxidative DNA damage is known as base excision repair (BER), a coordinated mechanism comprising sequential reactions responsible for damage detection, processing, gap filling and ligation. The present study examines the genes encoding main BER proteins, in particular, new polymorphic variants of the XRCC1 and ADPRT genes. XRCC1 (X-ray repair cross-complementing) is a scaffold protein in the BER mechanism. It recruits poly(AD-Pribose) polymerase, DNA polymerase-β and DNA ligase IIIα to the damage site to form a complete repair complex (6) . An elevated prevalence of spontaneous chromosome aberrations and deletions were found in XRCC1 knockout mice and XRCC1 mutant cells (7) , and numerous polymorphic variants of the XRCC1 gene have since been identified, including several non-synonymous single-nucleotide polymorphisms (SNPs) in the coding region. The present study examines the -77 T/C polymorphism of the XRCC1 gene. This new polymorphic variant of XRCC1 found within the 5' untranslated region (8) may be associated with reduced XRCC1 expression (9) . It also examines the 1672GA polymorphism of the ADPRT gene, known to encode poly(ADP--ribose) polymerase 1 (PARP-1, also known as ADPRT), a nuclear multifunctional enzyme activated in response to various forms of DNA damage. This protein participates in a wide range of activities including DNA repair, proliferation, stress response, cell death, genomic stability and malignancy (10) .
A growing number of studies postulate that another mechanism known as nucleotide excision repair (NER) may also participate in neutralizing oxidative DNA lesions (11) by protecting cells against oxidative base modifications, alongside cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrimidone products (64PP). NER has been proposed as a backup repair mechanism if a nuclear BER glycosylase is defective. It is important to note, though, that the NER system is not present in mitochondria.
The present study examines two main NER proteins: XPC and XPD. XPC, the crucial NER enzyme, plays a role in recognizing damage, and any changes in its activity may be associated with changes in oxidative DNA repair and disturbances in redox homeostasis (12) . Furthermore, the XRCC1 and ADPRT1 complex is believed to be an important co-factor for the BER pathway (13) . The 939 Lys/Gln XPC gene polymorphism was chosen for analysis in the present study, as it is believed to be associated with decreased XPC enzyme activity and may be connected with the pathogenesis of various diseases (14) . The XPD protein is part of transcriptional factor of IIH, and plays an important role in managing cell cycle, apoptosis and transcription. Mutations of the XPD gene may downregulate certain proteins, leading to changes in the NER pathway (15) . The best studied polymorphism of the XPD gene is 751Lys/Gln, which is thought to induce changes in XPD function and decrease the activity of TGIIH complex (16) . These changes may be crucial for the pathogenesis of numerous diseases, including glaucoma (17) and cataract (18) . Hence, the main aim of the present study was to assess the role of BER as well as NER mechanism in the pathogenesis of POAG.
Aim
Despite numerous studies, the DNA repair mechanism and its influence on the pathogenesis of glaucoma remain poorly understood; therefore, the aim of this study was to determine the role of NER and BER in glaucoma development. It involved determination of the XPD, XPC, XRCC1 and ADPRT gene polymorphism genotypes, as well as their mRNA expression level in glaucoma patients. Furthermore, the level of expression of XPC and XPD, the two main NER proteins that are crucial for recognizing DNA damage, and the levels of their genetic polymorphisms (939 Lys/Gln for XPC and 751Lys/Gln for XPD) were measured. Finally, as the XRCC1 and ADPRT1 complex is known to be an important co-factor for BER, the study examined the -77 T/C XRCC1 gene polymorphism, with regard to its influence on the risk of POAG development, and the G1672A polymorphism of ADPRT, located in the promoter region.
Materials and Methods

Material
The study included 200 patients diagnosed with POAG (65 women and 135 men, mean age 72±10) hospitalized in the Department of Ophthalmology, Medical University of Warsaw, and 200 healthy controls (53 women and 147 men) age-matched controls (mean age 71±12 years), selected from subjects without glaucoma symptoms. All patients and controls were Caucasian. The patient characteristics are presented in Table 1 . The correct IOP value is indicated from the applied therapy. At the time of the study, the POAG patients were being treated topically with one or a more typical anti-glaucoma medications, including beta ISSN 0023-2157 Index 362646
Magdalena gorczyca-Bojko, dariusz Pytel, dawid lewko, radoslaw wojtczak, Marta szaflik, jerzy szaflik, jacek P. szaflik, ireneusz Majsterek blockers (e.g., Timolol), prostaglandin analogs (e.g., Latanoprost), carbonic anhydrase inhibitors (e.g., Dorzolamide) and alpha2 agonists (e.g., Brimonidine). All patients with POAG were assessed using the Heidelberg Retinal Tomography (HRT).
The study focused on the following clinical parameters: disc ratio (c/d), rim area (RA), Retinal Nerve Fiber Layer (RNFL), visual field (VF) and nerve fiber layer (NFL). The range of POAG progression stages is presented in the attached tables. The volume ranges for each clinical parameter complied with the guidelines of the European Glaucoma Society (Terminology and Guidelines for Glaucoma 2nd Edition, Dogma, Savona 2003, Italy). Additionally, patient age, family history and details of any current or past cancer or genetic disease were ascertained from their medical records.
Patients were excluded from the study if they were subject to any of the following conditions which could possibly interfere with the results of the study: the use of eyedrops or other anti-glaucoma medications, history of ocular surgery or laser treatment in the eye from which the specimens were to be collected, current or past treatment with glucocorticosteroids or immunosuppressive therapy (unless discontinued at least one year prior to surgery and specimen collection), use of non-steroidal anti-inflammatory drugs (with the exception of low-dose aspirin, which had to be stopped seven days prior to surgery and specimen collection), or prior and concurrent systemic antibiotic treatment within 7 days prior to enrolment.
The study protocol was reviewed and approved by the Local Ethics Committee of the Medical University of Warsaw and Medical University of Lodz. Written consent was obtained from each participant prior to enrolment.
Methods
Genotype determination
Genomic DNA was isolated from peripheral blood leukocytes using the QIAamp DNA Blood Mini Kit for isolation of high molecular-weight DNA (Qiagen, Chatsworth, CA, USA) according to the manufacturer's instructions. The genotypes of XPD, XPC, XRCC1 and ADPRT gene polymorphisms were determined by the PCR-based restriction fragment length polymorphism (PCR-RFLP) method. The sequences, cycling conditions, reaction enzyme and product size are presented in Table 2 . Tab. II. Primer sequences and restriction endonucleases used in the gene polymorphisms analysis by polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP). Tab. II. Sekwencje starterów oraz enzymy restrykcyjne stosowane w analizie polimorfizmów genów metodą polimorfizmu długości fragmentów restrykcyjnych (PCR-RFLP).
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Real Time Quantitative PCR
RNA isolation and cDNA synthesis
Blood samples were collected in 5 ml EDTA tubes. Total RNA was isolated from peripheral lymphocytes using Fenozol reagent (A&A Biotechnology, Gdynia, Poland) according to the manufacturer's protocol. Total RNA was extracted from 20 subjects with POAG and 20 healthy controls. RNA was eluted in 50 μl RNase-free water, and stored at -20°C. The yields were quantified spectrophotometrically. RNA with a 260/280 nm ratio in the range of 1.8-2.0 was considered high quality and was used for further analysis. First-strand cDNAs were synthesized by reverse transcription of 1 μg of total RNA using AffinityScript QPCR cDNA Synthesis Kit (Agilent Technologies, Santa Clara, CA, USA) following the manufacturer's protocol.
Real Time Quantitative PCR -procedure
For real-time PCR analysis of XRCC1 and ADPRT mRNA, Brilliant II SYBR® QPCR and QRT-PCR Master Mix Kits (Agilent Technologies, Santa Clara, CA, USA) were used according to the manufacturer's instruction. The GAPDH gene was used as the internal sample control. The sequence of specific primers for GAPDH and target genes are presented in Table 3 . The RT-qPCR reaction was carried out using the Mx3005P from Agilent Technologies. The sequences, cycling conditions and product size are presented in Table 3 . The reactions were performed in duplicate.
A positive result was defined by a threshold cycle (Ct) value lower than 40 (the Ct value is determined by the number of cycles needed to exceed the background signal). The abundance of target gene mRNA in the studied material was quantified by the ΔCt method.
Statistical analysis
To compare the distributions of demographic variables and selected risk factors between patients and controls, the Chi--square test was used. The observed numbers of cases for each genotype in the study and control group were compared with the expected number according to the Hardy-Weinberg principle, using the χ2 test. The association between case-control status and each polymorphism, measured by the odds ratio (OR) and its corresponding 95% confidence interval (CI), was estimated using an unconditional multiple logistic regression model. When calculating the probability, Pearson's correction was used, and if the expected cell values were less than 5,
Fisher's exact test was used. The non-parametric Mann--Whitney U-test was applied to determine the levels of mRNA expression in the blood of the POAG patients and healthy subjects. Non-parametrical statistical tests (ANOVA with post hoc Tukey's HSD test) were applied to compare the level of mRNA expression with genotypes of each polymorphism in studied specimens. A p-value below 0.05 was considered statistically significant. Statistical analysis was performed using STATISTI-CA 6.0 software (Statsoft, Tulsa, OK, USA).
Results:
The distribution of genotypes and alleles of XRCC1, XPD and XPC genes corresponded to the predicted HW proportion (P < 0.05) in both control and POAG groups. However, the distribution of the genotypes and alleles of the ADPRT gene did not (P>0.05).
Initially, the relationship between studied polymorphic variants and risk of POAG development was examined. Significant differences were found in the distribution of the XRCC1 and XPD genes with regard to POAG pathogenesis. Although we initially postulated that the presence of the Lys/Gln XPD SNP was associated with a higher risk of POAG (OR 1.59; 95% CI 1.02-2.48; P=0.03), it was found that the presence of the -77 T/C genotype of XRCC1 decreased POAG risk (OR 0.62; 95% CI 0.41-0.97; P=0.03). The results are presented in Table 4 .
To determine whether the presence of the studied SNPs may play a role in POAG progression, the present study focused on clinical parameters crucial for POAG development. It was found that the CD ratio was associated with the relationship between early and advanced glaucoma. We suggested that the 1672G/A genotype of ADPRT gene increased risk of POAG progression (OR 3.03; 95% CI 1.12-8.16; P=0.03). Surprisingly, the -77C/C genotype (OR 0.47; 95% CI 0.24 -0.93; P=0.02) and -77C (OR 0.70; 95% CI 0.51-0.97; P=0.02) allele decreased the risk of POAG progression. The analysis is summarized in Table 5 .
Consecutive analyses were based on RA. The presence of the 1672 G/A (OR 6.67; 95% CI 1.39-31.85; P=0.02) genotype and the 1692A allele of the ADPRT gene (OR 3.03; 95% CI 1.12-8.16; P=0.03) were found to be associated with POAG progression (early glaucoma changes vs norm). In addition, the Gln/Gln genotype of the XPC gene correlated with an increased risk of POAG progression (OR 2.33; 95% CI 1.01-5.37; P=0.04). Progression analysis is summarized in Table 6 .
The next stage of the research included the assessment of XRCC1 and ADPRT expression. The expression analysis of 
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Magdalena gorczyca-Bojko, dariusz Pytel, dawid lewko, radoslaw wojtczak, Marta szaflik, jerzy szaflik, jacek P. szaflik, ireneusz Majsterek XRCC1 and ADPRT in the blood of POAG patients and healthy subjects is presented in Figure 1 . There were no significant differences in XRCC1 or ADPRT expression between the POAG patients and controls. Furthermore, Tables 7 and 8 correlate gene expression against clinical parameters in POAG patients separately for each eye. There was no significant relationship between ADPRT and XRCC1 expression and POAG progression based on the studied clinical parameters.
Discussion
Glaucoma is a multifactorial neurodegenerative disorder which causes irreversible vision loss. Our findings indicate that oxidative stress, which is known to induce oxidative DNA damage, may be one of the most important factors in neurodegeneration. DNA repair is crucial for protecting the mammalian genome from numerous endogenous and environmental factors. The presence of some genetic alterations has previously been found to play an important role in glaucoma susceptibility, and the presence of polymorphisms in genes encoding main DNA repair enzymes may reduce DNA repair capacity or influence the transcription or translation of key proteins. This may lead to genetic instability, carcinogenesis or neurodegeneration. It has been emphasized that the oxidative DNA lesions induced by oxidative stress may lead to neurodegeneration in different parts of the brain (19) .
The present study examines the relationship between the risk of POAG development and the presence of SNPs in genes encoding the main enzymes in the BER and NER pathways, an area which few studies have addressed to date. Our previous outcomes indicate that patients with POAG had decreased BER activity and more oxidative DNA lesions than healthy controls. As previous studies have already found the 399Arg/Gln XRCC1 gene polymorphism to be associated with an increased risk of POAG development (20, 21) , the present study examines the more recently-discovered genetic polymorphisms in genes encoding key BER enzymes. Two such polymorphisms were selected: -77 T/C XRCC1 and G1672A ADPRT.
It has been proposed that -77 T/C XRCC1 is associated with reduced expression of XRCC1; however, little information is available about its role in the pathogenesis of cancers and neurodegeneration. Nevertheless, our findings indicate a significant association between the presence of -77 T/C XRCC1 and the risk of POAG: patients with the -77 T/C genotype demonstrated a 0.62-fold decrease in POAG risk. Unfortunately, no information is available on the role of this polymorphism in neurodegene- (9) . Furthermore, our present analysis based on the cup-to-disc ratio found a 0.47-fold decrease in POAG progression for patients with the TC genotype and 0.70-fold decrease for those with the C allele. Unfortunately, as this is the first study to focus on the role of -77 T/C XRCC1 in POAG pathogenesis, there is no available data to compare our results with. The next part of the study examined the G1672A ADPRT polymorphism, located in the promoter region of the gene. This SNP has been associated with a range of conditions: Recent studies indicate a relationship between ADPRT and inflammation, and inhibition of ADPRT activity has been found to play an important role in cardiovascular, diabetes and stroke protection (22, 23) . In the presented study, however, no direct relationship was found between the presence of G1672A ADPRT and POGA development. Although no publications could be found that examine the role of G1672A ADPRT in ocular disease, it has been suggested that it may play a role in Parkinson's disease (24) . Our own analysis based on cup-to-disc ratio found a 3.03-fold increase of POAG progression in patients with GA genotype compared to those without. In addition, an analysis based on the RA parameter found that the presence of the GA genotype increased the risk of POAG progression 6.67-fold, whereas the G allele increased it 3.03-fold.
Although a growing number of studies indicate that NER participates in oxidative DNA damage repair, this role remains poorly understood. Some reports suggest that NER may protect against oxidative stress. D'Errico et al. report that XPC cells are sensitized to protect the genome against DNA-oxidizing agents by the accumulation of oxidative DNA damage (25) and Yang et al. demonstrate that NER and BER cooperate rather than compete with each other (26) .
The present study focuses on two selected SNPs. The first was 939 Lys/Gln of XPC, a well-studied SNP which induces a switch from lysine to glutamine in the protein. XPC is a 940 amino acid protein engaged in genome repair, which binds to RAD23B to form a complex (XPC-RAD23B) responsible for recognizing damaged sites and initiating DNA repair; it may also interact with TFIIH (19) . Although the presence of 939 Lys/Gln XPC is believed to be linked with an increased risk of breast cancer (27) , our present findings do not indicate that it is associated with the development of POAG. Furthermore, our analysis found the 939 AC genetic polymorphism of XRCC1 to be significantly related to the RA parameter.
The study then analyzed the 751 Lys/Gln XPD SNP, which has also been associated with cataract development (18) . The XPD protein possesses ATP-dependent DNA helicase activity and may play an important role in removing oxidative DNA damage. However, the occurrence of non-synonymous amino acid changes in XPD may significantly alter the NER pathway (28) . Our findings found the SNP to be associated with a 1.59fold greater risk of POAG development; these are in accordance with Yousaf et al, who found it to be associated with POAG development in a Turkish population (17) .
The next objective of our work was to identify an association between DNA repair gene expression and POAG develop-ment. No significant difference in XRCC1 and ADPRT expression was found between patients with POAG and controls. Our results may be explained by some in vitro studies. Dhenaut et al. postulate that neither oxidative nor genotoxic stress induce changes in the mRNA expression of DNA repair genes (29) . Furthermore, it was indicated that increased DNA repair gene expression at the mRNA level is not required for efficient DNA repair. DNA repair mechanisms are multistep procedures that are regulated at numerous levels including the transcription and post-translational modification stages (30) , and BER proteins can be subject to phosphorylation, acetylation and ubiquitination, which will affect their repair ability (31) .
To conclude, alterations in the structure of ADPRT, XRCC1 and XPD genes appear to modulate the risk of POAG development. Furthermore, both the BER and NER pathways may play a role in POAG development.
